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^ ■ Abstract 



We construct an extension of the MSSM in which superpartners can naturally be heavier 
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O ' than the electroweak scale. This "little hierarchy" of scales is stable because the Higgs 

^ ■ arises as a pseudo-Nambu-Goldstone boson in the breaking of an accidental SU{A) sym- 

\Q , metry of the Higgs sector. Supersymmetry and the global symmetry combine to for- 

O I bid logarithmically divergent one-loop contributions to the Higgs mass. The accidental 

,-J^ ' symmetry follows from a simple "twin" parity which exchanges the SU{2) sectors in the 
SU{3)c X SU{2)l X SU{2)n x U{l)x gauge group. 
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1 Introduction 

Supersymmetry is a very attractive scenario for physics at the TeV scale. Unfortunately, it's 
simplest implementation, the MSSM, requires fine-tuning of parameters once experimental 
constraints are imposed. The problem can be summarized as follows: In the MSSM scalar 
superpartners and the Higgs scalars are on equal footing, leading us to expect that the 
superpartner mass scale Msusy is equal to the Higgs mass and the electroweak scale 
Mw ~ 100 GeV. Clearly, this expectation is not borne out in Nature as shown by direct 
searches, limits from precision electroweak and flavor constraints, and from the lower bound 
on the mass of the Higgs boson. Instead the data prefer that the superpartners are heavier 
than the electroweak scale. The next-most natural expectation might be Msusy ~ 47r My/, 
and we must ask if this modest hierarchy of scales is stable under radiative corrections. 

In the MSSM, the largest radiative correction to the Higgs soft mass is due to top/stop 
loops 

Q„,2 /A 

6tt^ " ~ \ m?- 

where yt is the top Yukawa coupling, irti is the stop mass (for simplicity, we consider 
degenerate left and right-handed stops and ignore stop mixing), and Af/y is the high 
energy scale at which the soft masses are generated. We see that for large values of Af/y, 
for example A^y ~ Mpianck in gravity mediation, the suppression due to the loop factor 
is canceled by the large logarithm, and a hierarchy between superpartner masses and the 
Higgs mass is unstable. 

Improving naturalness of supersymmetric theories with heavy superpartners therefore 
requires removing the large logarithm.^ Two possibilities suggest themselves. One is to 
lower the scale Ajjy down to 1-100 TeV range. This can be achieved in scenarios in which 
supersymmetry breaking is mediated at a low scale, such as gauge mediation or theories 
with large extra dimensions. Effectively small A^/y may also be a consequence of an 
interplay between gravity and anomaly mediation, as recently pointed out in 0. But even 
in a theory in which such a low mediation scale is realized one still wonders what makes 
the Higgs different, i.e. why is the Higgs soft mass much lower than typical superpartner 
masses? We do not pursue this avenue in this paper and instead allow that TeV size 
superpartner masses are generated at high scales. 

The other possibility is to treat the Higgs differently from the superpartners by making 
it a pseudo-Nambu-Goldstone boson as in little Higgs theories P but now in the context 
of supersymmetry [HE] and [HI 13 El- In this approach, radiative corrections to the Higgs 
soft mass are finite because they are "doubly protected" by softly broken supersymmetry 
and by the little Higgs mechanism. At tree-level the soft mass of a doubly protected Higgs 
vanishes, while the dominant radiative correction has the form 



-— ^ [{mf + m|) log(m? + m|) - m? log(m?) - m| log(m|)] , (2) 

^Increasing the Higgs quartic coupling with new contributions from an extended Higgs sector without 
reducing the soft mass leads to new fine tuning problems as was recently emphasized in ^. 
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where rrij- is the mass of the httle Higgs partner of the top. In the hniit in which the httle 
Higgs partners are much heavier than the superpartners this formula reduces to eq. (jT)) 
with Ajjv replaced by tjit- 

While the idea of double protection is very simple, explicit implementation encounters 
several problems. The original model of Birkedal et. al. |3] relied on enlarging the Standard 
Model SU{2)y^eak into a global SU{3) symmetry by introducing Higgs and top partners 
which complete SU{3) triplets. The problem with this approach is that the Standard 
Model gauge interactions do not respect the global SU{3) symmetry. Renormalization 
group running from A[/y down to the weak scale badly breaks the SU{3) symmetry so that 
it can no longer protect the soft Higgs mass. Note that this problem affects models which 
rely on a global symmetry which is explicitly broken by gauge interactions (e.g. a SUSY 
version of the littlest Higgs). 

More recent attempts at implementing double protection therefore extend the global 
symmetry to the gauge interactions. In refs. JHIIZIE] the gauged SU{2)u,eak is enlarged to a 
gauged SU{3)weak as in the simplest little Higgs 0. The pseudo-Nambu-Goldstone bosons 
(pNGBs) then arise because the SU{3)weak gauge symmetry is broken spontaneously to 
SU{2) by two different sets of fields. If the coupling between these two sets of fields is 
sufficiently weak, then the theory has an approximate SU{3Y symmetry which is spon- 
taneously broken to SU{2)'^, yielding two sets of pNGBs, one linear combination is eaten 
by the heavy SU{3)uieak gauge bosons, the other remains light. A general problem with 
this approach is that the SU{3)weak D-terms strongly couple the two sectors and explicitly 
break the two S'?7(3)'s of the Higgs sector to a single SU{3). The would-be pNGBs get 
a mass from this D-term, and more model-building is required to prevent it. Therefore 
realistic models end up being rather complicated. 

In this paper we try a new approach based on the twin Higgs idea jTUl E] in which 
the global symmetry protecting the Higgs potential arises as an accidental symmetry after 
imposing a much more modest Z2 twin parity. This spontaneously broken accidental 
symmetry makes the Higgs a pNGB and ensures double protection. An advantage of this 
idea is that it is relatively easy to implement the Z2 symmetry by enlarging the field content 
of the MSSM. 

The model we study first is left-right symmetric with the gauge group SU{3)c x 
SU{2)l X SU{2)ii X U{l)x as in jTT]. The Z2 symmetry interchanges the left and right 
SU{2) gauge bosons. Furthermore, every MSSM field has its Z2 partner. In particular, the 
Higgs sector consist of four multiplets: two "left" doublets Hu and Hd and two "right" dou- 
blets Hu and Ha- The Z2 symmetry imposed on the Higgs sector is sufficient to guarantee 
an accidental SU{A) symmetry of the dimension 2 terms in the Higgs potential. Thus even 
though the Yukawa interactions which renormalize the Higgs mass terms do not respect the 
full SU{4) (even after imposing the Z2 symmetry), the resulting corrections to the Higgs 
masses are automatically SU{A) symmetric. This is how double protection is realized in 
this model. Divergent radiative corrections to soft masses do not lead to masses for the 
pNGB because they respect the full global symmetry. 

Unfortunately, this minimal twin supersymmetric model shares a problem with the 
models based on SU(3)yjeak group discussed above: some of the quartic couplings in the 
Higgs sector, in particular the SU {2) ^x SU {2) rxU {!) x D-terms explicitly break the S'f/(4) 



symmetry and lead to large tree-level masses for the would-be pNGBs. We demonstrate 
this problem in the minimal twin susy model in the next Section. In Section 3 we show 
that a simple modification of the model can avoid the troublesome D-term contributions 
and lead to a fully realistic model. Section 4 contains our conclusions. 

2 A Toy Model for Twin SUSY 

Our toy model, inspired by ref. P^, is left-right symmetric with the gauge group SU{3)c x 
SU{2)l X SU{2)r X U{l)x- An additional discrete Z2 symmetry interchanges the left and 
right SU{2) gauge groups, thus enforcing gi = Qr. The discrete symmetry requires that 
for every "left" doublet there exists a Z2 partner (denoted by tilde) that transforms as a 
doublet under SU{2)ji. Therefore the minimal Higgs sector contains four multiplets: two 
left doublets H^ and H^ (required by anomaly cancellation) and two right doublets H^ 
and H^ (required by the Z2). Their U{l)x charges are chosen as +|, — |, —\ and -|-|, 
respectively. With a help of a singlet superfield A^ we can write a superpotential that yields 
interactions between the left and right Higgs doublets, 

W = XN{HuHd + HuHd - F^) (3) 

Note that the Z2 symmetry ensures an accidental global SU{A) symmetry^ under which 
(i7„, Hy) transform as 4 and (if^, Hd) as 4. Furthermore, it requires the soft mass terms 
of the Higgses to be S'f/(4) symmetric 

Csoft = -Ml{\Hu\^ + |^„|2) - M2(|i7rf|2 + |iJ,|2) . (4) 

The linear term in eq. (jHl) forces one of the Higgs pairs (which we assume to be if„, 
Hd) to acquire a vev, (if„) = /sin/5, {Hd) = /cos/5, where / depends on F and the soft 
masses and tan^/3 = (Mj + X^N'^)/{Ml + A^A^^). The SU{A) symmetry is spontaneously 
broken down to SU{?>) yielding 7 Nambu-Goldstone bosons. Three are eaten as a result of 
gauge symmetry breaking SU{2)r x U{1)x — *■ t/(l)y, leaving four physical NGBs. These 
form an SU{2)l doublet H that is identified with the SM Higgs field. In the non-linear 
sigma model parametrization: 

Hy ^ /sin/? sm{\H\/f) ^ Hd ^ /cos/5 sin(|i7|//) '^* 



\H\ - . r^ V, ,/./ 1^1 



^„^/sin/?cos(|if|//) (^A Hd^fcosPcos{\H\/f) T M (5) 

Note that tan/5 for the MSSM Higgs fields Hu and Hd is equal to the ratio of the VEVs 
of the heavy Higgses Hd and if„. With this parametrization it is easy to verify explicitly 
that neither the F-term potential nor the soft terms depend on the SM Higgs field H. 

On the other hand, gauge and Yukawa interactions break SU{4) explicitly, even after 
imposing the Z2 symmetry. Therefore these interactions generate a potential for the SM 

^Emergence of SU(4) symmetry in such setup was also noted in ref. |12|. 



Higgs at loop level. However, the Z2 is sufficient to ensure double protection. The point 
is that Z2 implies 5'[/(4) symmetry of all quadratic terms. Since the coefficient of the 
UV logarithm in the loop induced Higgs potential is quadratic in the Higgs fields (and 
quadratic in the supersymmetry breaking mass parameters), we are guaranteed it does not 
depend on the SM Higgs field H. 

Renormalizable and Z^ symmetric Yukawa interactions can be realized in our setup 
by introducing Z^ partners for each MSSM matter multiplet (including "right-handed" 
neutrinos). The 5f/(3)c7 x S\J{2)l x SU{2)n x f/(l)x representation of the MSSM fields 
and their partners are given by (see also ^13j): 

g^ (3, 2, 1)1/6 Q^-^(3,l,2)_i/6 

L^(l,2,l)_i/2 L^^ (1,1,2)1/2 

T^^(3,l,l)_2/3 t^ (3, 1,1)2/3 

5^=^(3,1,1)1/3 5-.(3,l,l)_i/3 

r^^ (1,1, 1)1 f^(l,l,l)_i 

iV.^^ (1,1, 1)0 iV,^ (1,1, 1)0 (6) 

where the f/(l)x charges are determined from the corresponding hypercharges using the 
identification Y = X — T^. The Yukawa interactions can be written as: 

W = Y^HuQT^ + Y^HuQ^f + M^TT" 

+ Y^HdQB" + Y^RdQ^B + M^BB^ 

+ Y^HdLr^ + Y^Hdl^f + M^fr^ 

+ Y'^HuLN^^ + Y^'HuL^Nr + M'^NrK (7) 

We now compute the one loop contribution to the SM Higgs potential due to the top 
sector. For simplicity, we assume degenerate soft masses for stops (m?) and vanishing 
A-terms 

5V = 5m^|if|2 + 5A|if|^ + ... 
Sm^jj ~ -y^ [{fTif + m^) \og{mf + m^) — mf \og{mf) — m^ log(?7i^ 



5X ^ -yf 






log r^- — Iv^ + o - 2^ log , 2 



(8) 



Here tti"^ = (y^/sin/?)^ + (M*)^ is the mass squared of the heavy top partner and yt = 
{Y^ sm. 13Y f / iTLrp is the SM top Yukawa coupling. These formulas are valid up to 0{v/fY 
corrections. Note that the contribution to the SM Higgs mass is negative and can trigger 
electroweak symmetry breaking. The correction to the quartic terms is similar as in the 
MSSM, for large m\ or large rn^ it becomes 5\ — >■ (3|/^/167r2) \og\Min{m^,rn\)/rn'f\. 

Unfortunately, this nice and economical model is not viable. The problem is very similar 
to that which arises in gauged SU{;i)^eak models WM- The SU(2)l x SU{2)r x U{l)x D- 
term potentials do not respect the SU{A) global symmetry and, in general, yield a tree-level 
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mass for the SM Higgs. The effects of SU{A) breaking are easy to understand in the hmit 
F > Msoft which is required by lower bounds on the masses of the SU{2)fi x U{l)x gauge 
bosons from LEP experiments. After integrating out the fields with masses of order F and 
to lowest order in M^^^^/F"^ the potential for the SM Higgs has the form V = Vsoft + Vguartic 
where 



Vsoft = \H\ 

\r _ I rT|4 

^ quartic I-" I 



" ^ ^ (cos/? - sm/5)2 + " -^ (l + ^, 



^i^ cos^ 2/5 



(9) 



We see that avoiding a large tree level soft mass for the Higgs requires M^ = Mj and, in 
consequence, sin/5 = cos/5, i.e. tan/5 = 1. But then the tree level quartic vanishes as well 
which is in conflict with the lower bound on the Higgs mass from LEP2. The vanishing of 
the Higgs soft mass at tan/5 = 1 can be understood by noting that for tan/5 = 1 the D-terms 
have vanishing expectation values. Therefore the D-term potentials are supersymmetric 
and can only give a mass to the superpartners of the eaten NGBs, but not to the light 
Higgs doublet. 

3 A Realistic Model 

The problem with the toy model of the previous section is that the SU{2){i x U{l)x D- 
terms do not respect the global SU{A) which protects the Higgs from obtaining a mass. 
This implies that we either have a large soft mass for the Higgs (tan/5 7^ 1) or a vanishing 
tree level quartic for the Higgs (tan/5 = 1). Either choice is problematic. 

To solve this problem, two basic strategies are possible. One is to choose tan/5 7^ 1 
and remove the offending D-terms by breaking the SU{2)ji x U{l)x gauge symmetry at 
a higher scale with additional charged fields.^. Alternatively, we may enforce tan/5 = 1 
with an approximate symmetry, and obtain a new tree level contribution to the Higgs 
quartic from appropriate superpotential couplings. This is the route which we take in the 
following. 

We wish to stabilize the vevs of Hu^d at tan/5 = 1 which requires M^ ^ Mj because 
tan^/5 = (Mj + A^A^^)/(M^ + X'^N'^). We therefore impose an approximate Z2 symmetry 
acting as u ^^ d. Contributions to the Higgs mass from eq. Q only appear at second 
order in the difference M^ — Mj so that small radiative corrections to M^ = M| can be 
tolerated. In general, these corrections can be large due to one loop diagrams involving 
the Yukawa couplings in the top and bottom sector. However, the u ^->- d symmetry also 
implies F* ~ Y^ in which case the radiative corrections respect M^ = Mj. Note that the 
top and bottom quark masses can be split by choosing M^ ^ M* in eq. (|7|), this breaks 
u ^^ d softly, and a small Higgs mass is generated. 

Since tan/5 = 1 we need an additional contribution to the SM Higgs quartic term. 
Consider the model of the previous section with four additional singlets S", S, S'^, S'^ and 

^Alternatively, the D-terms can be removed with "supersoft" ^^ Dirac mass terms for the SU{2)ii x 
U{l)x gauginos [E]. 



the superpotential 



W 



KSiH^H^ - MsS'') + KS{H^Hd - M.S'^) 



(10) 



The purpose of the first superpotential term is to add a contribution to the quartic couphng 
of the Higgs from the F-term of 5*. In absence of a soft mass, the field 5*^^ would adjust its 
VEV such as to cancel the quartic. We therefore require a sizable soft mass for 5*^^. The 
second superpotential term is required by the Z2 symmetry. When expanded in terms of 
the light Higgs field this term can contribute a large soft mass to the Higgs. We therefore 
require a small soft mass for S'^ so that its VEV can adjust to cancel the Higgs soft mass. 
Thus for our model to work we must explicitly break the Z2 symmetry with the soft terms 
for S'^ and S'^ (alternatively, the breaking could be achieved by splitting the masses Mg 
and Ms) . This explicit breaking of the Z2 in the soft masses is radiatively stable because 
the soft terms for S^ and S'^ do not run at any loop order. 

To determine the range of viable soft masses for 5*^ and S'^ we write the contribution 
to the Higgs potential from eq. (fTUI) which involves 5*^ and S*^ and their soft masses 



V 



K 



+ /€^ 



f2 \TT\ 
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and minimize the potential for the singlets. We find that a sufficiently large quartic requires 
AC = 0(1), m ^ Ms and m <^ Ms. In this limit, the expressions for the Higgs soft mass and 
quartic are 



m 



H 



-rn? 



f 



K 



A = — 



2M2 



TTl 



4 K2M2+m2 



(12) 



Taking for example k^ = 1/2, Mg = m = 1 TeV, / = 3 TeV and m = 50 GeV gives a 
sufficiently large tree level quartic (A = 1/12) and a contribution to the soft mass of order 
the Z-mass {rriH = 106 GeV). Note that at the minimum of the potential S and A^ do not 
have scalar expectation values but that the F component of S is non-zero. Therefore eq. 
(|10p contains an effective B/j, term for the Higgs but no fi term which is necessary in order 
to make the Higgsinos in if^ and H^ sufficiently heavy. To generate a Higgsino mass we 
add the Z2 (and S'f/(4)) symmetric term fi{HuHd + HuHd). Since the singlet A^ has a soft 
mass term its vev cannot adjust to cancel the /i-term completely and Higgsino masses are 
generated. 

4 Unification 

The particle spectrum in eq. (0) is suggestive of various steps of unification. First quarks 
and leptons may be unified into an S'f/(4) Pati-Salam "color" group where the U{l)x 



6 



charges arise as a combination of the diag{l, 1, 1, —3) generator of SU{A) and "middle" 

U{1)m. 

The unified fields transform under 5f/(4) x SU{2)l x 5f/(2)^ x U{1)m as 



(Q,L) -.(4,2,1)0 


(Q^L^)^(4,l,2)o 


(T'=,iV;)-.(4,l,l)_v2 


(f,iV,)^ (4, l,l)i/2 


(i?^r^)- (4,1,1)1/2 


(5,f)^(4,l,l)_i/2 


if„^(l,2,l)i/2 


Hu — ^ (1, l,2)_i/2 


/7,^(l,2,l)_i/2 


^,^(1,1,2)1/2 



(13) 

This particle content suggests a further unification where U{1)m is the T^ generator of a 
new SU{2)m with the field content SU{A) x 5f/(2)i x 5f/(2)A^ x SU{2)ji 

^L = (Q, L) ^ (4, 2, 1, 1) ^% = (Q^ L^) ^ (4, 1,1,2) 

vl>^^, = (T^ iV,^ 5^ r^) ^ (4, 1, 2, 1) vl>^ = (T, iV„ 5, f ) ^ (4, 1, 2, 1) 

H = {H^, H,) -. (1, 2, 2, 1) H= (i^„, ^,) -^ (1, 1, 2, 2) (14) 

The Yukawa couplings now take a particularly simple form 

F^ ^iif ^^ + M <ilMni + ^"^ *M^^« . (15) 

The "unification" presented here may also help in solving a problem with Landau poles 
for the SU{3)c x U{l)x gauge couplings. With all "twin" partners added, neither SU{3)c 
nor U{l)x are asymptotically free. Their respective Landau poles occur at 10^^ GeV and 
10^^ GeV (if all extra fermion masses are at the TeV scale). Above SU{4) x SU{2)m break- 
ing scale the running can be much slower due to the contribution of extra gauge bosons, 
provided the number of extra matter multiplets is small enough. Thus the Landau pole can 
be avoided assuming an S'f/(4) x SU{2)m breaking scale well below 10^^ GeV. Note that 
this does not imply problems with proton decay as "unification" into SU{4) does not vio- 
late baryon number. The situation here is somewhat better than in the S'[/(3)^eafc models, 
where perturbative unification is difficult to achieve |Hj. However, the gauge couplings do 
not unify with the particle spectrum in eq. (|Tl|l . it would require additional matter multi- 
plets. Furthermore, splitting of quark and lepton masses within generations is non-trivial, 
especially for tan/3 ~ 1. 

5 Conclusions 

In this paper we constructed a supersymmetric model in which the Higgs is a pseudo- 
Nambu-Goldstone boson. Our model is left-right symmetric with the electroweak gauge 
group extended to SU{2)i x SU{2)ji x U{l)x- Imposing a Z2 twin parity which inter- 
changes the "left" and "right" SU {2)'s implies an accidental SU{A) symmetry of all mass 
terms in the extended Higgs sector. The Higgs pNGB arises after spontaneous breaking 
of this SU{4). The interplay of the global symmetry and supersymmetry leads to double 
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protection: the Higgs mass parameter does not receive logarithmically divergent correc- 
tions at one loop, even in the presence of soft supersymmetry breaking. The reason is that 
at one loop only dimension two terms can be logarithmically renormalized, but these are 
automatically SU{A) symmetric by virtue of the Z2. 

The purpose of this construction is a solution to the supersymmetric little hierarchy 
problem. Removing the one-loop logarithmic divergence allows for Msusy ~ 47r M\y with- 
out fine-tuning. Our model provides an explicit realization of double protection which is 
stable under radiative corrections. Technical complications related to the SU{2)r x U{1)x 
D-terms which do not respect the global symmetry and contribute to the pNGB mass at 
tree-level force us to introduce an extended Higgs sector. Thus our solution to the little hi- 
erarchy problem in the MSSM comes at the price of simplicity - several new gauge singlets 
with carefully designed interactions are required at the TeV scale. The idea of stabilizing 
little hierarchy by global symmetries deserves further study, both at the theoretical and at 
the phenomenological level. 

Acknowledgments 

M.S. thanks CERN Theory for hospitality and T. Roy for comments on the manuscript. 
A.F. and S.P. were partially supported by the European Community Contract MRTN-CT- 
2004-503369 for years 2004-2008 and by the Polish KGB grant 1 P03B 099 29 for years 
2005-2007. M.S. acknowledges support from an Alfred P. Sloan Research Fellowship and 
DOE grant DE-FG02-91ER40676. 

References 

[1] p. C. Schuster and N. Toro, "Persistent fine-tuning in supersymmetry and the 
NMSSM," arXiv:hep-ph/0512189, 

[2] K. Choi, K. S. Jeong, T. Kobayashi and K. i. Okumura, "Little SUSY hi- 
erarchy in mixed modulus-anomaly mediation," Phys. Lett. B 633 (2006) 355 
[arXiv:hep-ph/0508029_ ; R. Kitano and Y. Nomura, "A solution to the super- 
symmetric fine-tuning problem within the MSSM," Phys. Lett. B 631 (2005) 58 
|arXiv:hep-ph /05090"39 . 

[3] N. Arkani-Hamed, A. G. Cohen and H. Georgi, Phys. Lett. B 513 (2001) 232 
|arXiv:hep-ph/0105239| ; "Electroweak symmetry breaking from dimensional decon- 
struction," N. Arkani-Hamed, A. G. Cohen, E. Katz, A. E. Nelson, T. Gregoire 
and J. G. Wacker, JHEP 0208 (2002) 021 "arXiv:hep-ph/0206020 ; "The minimal 
moose for a little Higgs," N. Arkani-Hamed, A. G. Cohen, E. Katz and A. E. Nelson, 
JHEP 0207 (2002) 034 | arXiv:hep-ph/020 6021 . "The littlest Higgs," For a review 
see M. Schmaltz and D. Tucker-Smith, "Little Higgs review," arXiv:hep-ph/0502182; 
M. Perelstein, "Little Higgs models and their phenomenology," arXiv:hep-ph/0512128| 



[4] A. Birkedal, Z. Chacko and M. K. Gaillard, "Little supersymmetry and the supersyni- 
metric little hierarchy problem," JHEP 0410 (2004) 036 [arXiv:hep-ph/0404197j . 

[5] P. H. Chankowski, A. Falkowski, S. Pokorski and J. Wagner, "Electroweak symmetry 
breaking in supersymmetric models with heavy scalar superpartners," Phys. Lett. B 
598 (2004) 252 |ar Xiv:hep-ph/0407242j . 

[6] Z. Berezhiani, P. H. Chankowski, A. Falkowski and S. Pokorski, "Double protection 
of the Higgs potential in a supersymmetric little Higgs model," Phys. Rev. Lett. 96 
(2006) 031801 [arXiv:hep-ph/0509311J . 

[7] T. Roy and M. Schmaltz, "Naturally heavy superpartners and a little Higgs," JHEP 
0601 (2006) 149 | arXiv:hep-ph/0509357 |. 

C Csaki, G. Marandella, Y. Shirman and A. Strumia, "The super-little Higgs," Phys. 
Rev. D 73 (2006) 035006 ^arXiv:hep-ph/ 0510294j. 

[9] D. E. Kaplan and M. Schmaltz, "T he little Higgs from a simple group," JHEP 0310 
(2003) 039 arXiv: hep-ph/ 0302049]. 

[10] Z. Chacko, H. S. Goh and R. Harnik, "The twin Higgs: Natural electroweak breaking 



from mirror symmetry," arXiv:hep-ph/0506256. 



[11] Z. Chacko, H. S. Goh and R. Harnik, "A twin Higgs model from left-right symmetry," 
|arXiv:hep-ph/0512088| 

[12] Z. Berezhiani, "Through the Looking-Glass: Alice's Adventures in Mirror World," 
arXiv:hep-ph/050823 3, 

[13] Z. G. Berezhiani, "The Weak Mixing Angles In Gauge Models With Horizontal Sym- 
metry - A New Approach To Quark And Lepton Masses," Phys. Lett. B 129 (1983) 
99; Z. G. Berezhiani, "Nonstandard Scheme Of Mass Generation In SO(IO) And In- 
termediate 'Right' Scale," Sov. J. Nucl. Phys. 42 (1985) 825. 

[14] P. J. Fox, A. E. Nelson and N. Weiner, "Dirac gaugino masses and supersoft super- 
symmetry breaking," JHEP 0208 (2002) 035 |arXiv:hep-ph70206096 . 



[15] S. Chang, L. J. Hall and N. Weiner, "A supersymmetric twin Higgs," 
[arXiv:hep-ph/0604076j Seminar at Boston University, November 2005 



